Abstract This review highlights recent discoveries that have shaped the emerging viewpoints in the field of epigenetic influences in the central nervous system (CNS), focusing on the following questions: i) How is the CNS shaped during development when precursor cells transition into morphologically and molecularly distinct cell types, and is this event driven by epigenetic alterations?; ii) How do epigenetic pathways control CNS function?; iii) What happens to "epigenetic memory" during aging processes, and do these alterations cause CNS dysfunction?; iv) Can one restore normal CNS function by manipulating the epigenome using pharmacologic agents, and will this ameliorate agingrelated neurodegeneration? These and other still unanswered questions remain critical to understanding the impact of multifaceted epigenetic machinery on the age-related dysfunction of CNS.
Introduction
The molecular mechanisms underlying the age-related decline in the function of the central nervous system (CNS) are not currently known, but recent work points toward a dysregulation of complex and interconnected pathways, which impose epigenetic control over cellular identity and/or specification. Epigenetics refer to a set of potentially selfperpetuating mechanisms that produce heritable alterations in the chromatin structure. These alterations, viewed historically in the context of cell division and early development, are aimed to choreograph the myriad cellular and molecular events in order to establish an "epigenetic landscape" [1] which drives phenotypic diversity amongst cell types that share a common genome. At first glance, the conceptual framework of epigenetics bears little relevance to the adult brain as the brain is composed of a large proportion of postmitotic and highly differentiated cells. However, recent explorations of the brain epigenome are providing unprecedented insights into the importance of specific epigenetic mechanisms in controlling gene expression, not only in early brain development, but in adult brain function as well, calling into place postmitotic epigenetic mechanisms. These epigenetic mechanisms serve as essential mediators that interface the extrinsic environment and the intrinsic genetic program that allows for a postmitotic "reprogramming process" of neuronal cells in order to achieve plasticity at many levels of the neural circuitry in response to environmental factors, for example diet [2] and experiential factors [3] .
Currently known epigenetic mechanisms operating within the cells include post-translational modifications of histones (histone PTMs) and incorporation of histone variants; changes in DNA methylation and adenosine triphosphate-dependent chromatin remodeling; and the implementation of RNA interference pathways and nonprotein-coding RNAs (see [4] for a review). To drive gene transcription, all of these epigenetic components operate in high-performance collaborative fashion mediated by transcriptional factors (TF). Emerging sequencing technologies have made it possible for more sensitive, precise, and genome-wide scale measurements of epigenetic DNA and histone modifications, and for profiling of various noncoding RNAs and chromatin remodeling complexes.
In this review, we will discuss recent progress that points to an active role of epigenetic regulations in neurobiology. We will focus on our current understanding of the molecular basis of epigenetic signaling to chromatin, and will discuss examples of this signaling in context of neurogenesis, diseases of the CNS, and aging. Many reviews on epigenetic regulation have been published and we have not attempted a comprehensive coverage herein of this topic; rather, we have focused on a personal selection of epigenetic phenomena that are exciting at present or promise to be so in the future.
Epigenetics and Aging of CNS
An increasing body of literature indicates that a substantial reorganization of the brain epigenome occurs during postnatal development and aging, which make the hypothesis that aging is associated with epigenetic changes in the brain quite attractive. The time in life when brain aging begins is undefined. However, the finding that normal aging shares common molecular signatures with some neurological and chronic deteriorating psychiatric disorders, as exemplified by early-stage schizophrenia [5] , suggest that some symptoms of aging, i.e., dementia, psychosis, and progressive neurodegeneration could be explained by the molecular mechanisms in common. This assumption offers a possibility of identifying early epigenetic components and mechanisms that may be engaged in preventive or detrimental age-related CNS functions. Importantly, the epigenetic concept of aging is also attractive because, in contrast to genetic mutations, epi-mutations (epigenetic markings) are now thought to be reversible through multitude of pharmacological interventions [6] .
Both DNA methylation 5-positon of cytosine (5-mC) catalyzed by DNA methyltransferases and 5-hydroxymethylcytosine (5-hmC), which is converted from 5-mC by ten-eleven translocation proteins (for detailed reviews see [7] and [8] ), play important roles in mammalian neurogenesis. Both an establishment and maintenance of DNA methylation are essential for normal development and function of the mammalian brain. The role of DNA methylation seems to be indispensible in maintaining neural stem cell self-renewal [9, 10] , postnatal neurogenesis [11] , and learning and memory, as well as in synaptic plasticity [12, 13] . Mutations of methyl-CpG binding protein 2, which binds to methylated DNA and acts as a transcriptional repressor or activator, causes Rett syndrome and related neurodevelopmental disorders [14, 15] . More interestingly, both loss and over-expression of methyl-CpG binding protein 2 not only affect the overall level of 5-hmC, but also modulate its distribution in the genome during mouse cerebellum development [16] . During the last several years, the DNA methylation signature was found to show certain dynamics associated with brain development and aging, suggesting that epigenetic changes in levels of 5-mC and 5-hmC could function as an intermediate step for the internal/external environmental regulation of the brain epigenome, which ultimately leads to gene expression changes. Age-related changes in DNA methylation/hydroxymethylation dynamics tend to occur more often outside of CpG islands, as shown for cerebellum [17] and prefrontal cortex [18] , and seems to affect genes associated with cognitive impairment and stereotypic movement. Such age-related epigenetic drift could affect an individual's vulnerability to neurodegenerative disease.
In addition to changes in DNA methylation during development and aging, dynamic changes to the epigenetic landscapes of PTMs also occurs. An age-dependent histone PTMs drift mainly affects areas that can differentiate between open and repressive chromatin as demonstrated for the human prefrontal and cerebellar cortex [19] , and hundreds of loci undergo substantial chromatin remodeling in cortical neurons between infancy and advanced age [20] . Interestingly, the brains of SAMP8 mice, which are prone to accelerated senescence and have learning and memory deficits, also show agerelated drifts in histone PTMs [21] . These epigenetic drifts are defined by a loss of the histone methylation modifications associated with active gene expression, and a robust rise in the repressive histone methylation ( [22] ; Fig. 1 and discussed in detail in [23] ), as well as a robust decline in histone acetylation [24] . We will discuss several of these important findings in great details later on. Cumulative evidence suggests that such age-related epigenetic drifts in the CNS could affect multiple interconnected entities, contributing to a decline in the signaling capacity of nerve cells by modifying neuronal and oligodendroglial gene transcription program, inflicting defects in axon myelination and many other molecular alterations that have been linked to various cognitive disorders of the adult brain with and without neurodegeneration [25] [26] [27] [28] .
Combined, these findings leave no room for doubt that epigenetic influences within the CNS are, indeed, subject to dynamic changes throughout all periods of maturation and aging, and this process of epigenetic drift has important ramifications for the neurobiology of disease.
"Epigenetic Memory" Concept and CNS Dysfunction
Coordinated genome-wide gene activation and gene repression shapes functional cellular identities during development and aging of the CNS. Multiple levels of epigenetic regulation converge in the chromatin to institute a flexible, but tightly regulated, cellular expression program by balancing transcriptionally permissive, less condensed euchromatin, and highly condensed and often repressed heterochromatin ( Fig. 1) [29] . Dysfunction in this balance is viewed as a major driving force of aging, suggesting that aging results in a progressive loss of this "epigenetic memory" of chromatin state in mature and progenitor (adult stem) CNS cells, thereby resulting in profound changes of the intrinsic properties of these cells due to global changes of gene expression or the ability of cells to respond to stimuli [30] [31] [32] [33] [34] [35] .
A molecular "epigenetic memory" of gene expression as a concept is not novel. It is a well characterized phenomenon defined by numerous studies of imprinting and inheritance of parental traits [36] [37] [38] . It is often viewed as a lifelong molecular information storage mechanism that is put in place during development, and is necessary for perpetuating the correct cellular phenotype during mitosis. In addition to imprinting, the epigenome can reflect a cell's past history of activities of transcriptional enhancers [39] . The traditional view has been that once epigenetic marks (discussed below) have been laid down during development, they remain unchanged for the life of the organism. Recent work in the adult organism, however, has challenged this view. For example, published data indicate that epigenetic marks can be rapidly (within minutes) and transiently (less than 24 h) changed in order to provide dynamic regulation of gene transcription in the adult brain [40] .
Very little is known about how epigenetic mechanisms regulate this dynamic and immensely complex gene transcription. While a great deal of effort has been given to the role of TFs that can either act as activators or as repressors, depending on their context or interacting partners, an emerging field of neuro -epigenetics is just starting to gather evidence implicating specific spatial and temporal chromatin states driving transcription in the CNS. These specific chromatin states are required not only for the TF interaction with cognate DNA sequence, but also function as operational modules indispensible for the establishment and maintenance of the specialized 3-dimensional (3D) nuclear architecture critical for supporting transcriptional outcomes [15, [41] [42] [43] [44] . Although it was initially thought that TF dominate the epigenetic landscape as their overexpression can reprogram cell fates, it is apparent now that mechanisms of TF action cannot be clearly separated from the action of epigenetic machineries in altering chromatin states. TFs are likely to interact and act in complexes with enzymes that remodel chromatin, manipulate DNA methylation, and force deposition or exchange of histone variants. TF-mediated recruitment of such proteins could directly aid in a step-wise process that starts with distal and proximal enhancers that execute their influences on gene promoters and then continue in nonlinear fashion to form a complex network of intra-and extrachromosomal interaction to generate a wide variety of chromatin states [42, 44, 45] .
For instance, new results suggest that the loss of capability that some cells within the CNS undergo for such rapid and dynamic change in gene expression may contribute to cognitive impairment in the aged brain. Finally, observations reported by Miller et al. [13] present a hypothesis that the "epigenetic memory" operation system controlling these dynamic transcriptional responses could be particularly vulnerable to the aging process. Next we will discuss the integral parts, or components, of the "epigenetic memory" paradigm.
Chromatin is a Major Interface Between Epigentic Mechanisms and the Gene Transcription Program

3D Nuclear Architecture and Gene Transcription
Application of novel methods for detection and characterization of local and long-range chromosomal contacts, combined with microscopy and computational modeling, have yielded more coherent insights into 3D chromatin architecture in relation to gene regulation (for a review see [46] ). A large body of literature indicates that alterations in the 3D chromatin state in adult neurons are important for mediating various aspects of experience-dependent plasticity, such as learning and memory, stress response, and cognition, thus suggesting that it might be an important, integral component of aging.
It has become well accepted that the position of a gene within the 3D structure of the nucleus and assignment to particular nuclear compartments (heterochromatin vs euchromatin) has been shown to correlate with its transcriptional activity (shown in Fig. 1 ). Upon cellular proliferation, the position of the gene is established during early G1 upon chromosome decondensation [32] . Proximity to the nuclear envelope or peri-centromeric heterochromatin is generally associated with gene silencing [47] [48] [49] . The relative position of individual genes to subnuclear compartments or other genes within cellular nuclei can change at different stages of gene activation and/or cell differentiation. For instance, in neurons, TFIIIC binding within short interspersed nuclear elements mediates the rearrangement of nuclear architecture, possibly by coordinating the simultaneous expression of activity-dependent neuronal genes necessary for dendritic growth [50] [51] [52] . Mis-regulation of short interspersed nuclear elements has been shown to be associated with changes in the chromatin environment, and the aging of adult stem and somatic cells in humans [53, 54] .
A gene and its regulatory elements can be relocated upon transcriptional activation into specific compartments. Both transgene and endogenous gene mobility has been reported upon binding of transcriptional activator [31, 55, 56] . For instance, large-scale chromatin reorganization and nuclear repositioning from the periphery to the center have been described for the Mash1 locus during neural induction [33] .
Although an entire, relatively large (2-Mb) genomic segment was found to relocate at the onset of neurogenesis, this change of subnuclear positioning resulted in activation of some, but not all genes within the repositioned chromosomal domain. This suggests that induction of transcription requires not only a favorable 3D chromatin environment, but also a specific TF recruitment to a cognate DNA site.
Cellular differentiation leads to the restructuring of the chromatin accompanied by the change in the global nuclear architecture. For example, it has been shown that heterochromatic markers, such as HP-1 proteins, as well as heterochromatinrelated histone modifications, change their localization from dispersed and very dynamic in embryonic stem cells to more concentrated distinct loci during cellular differentiation (for a review see [7] ).
As differentiation advances, cells undergo global chromatin reorganization [57] leading to accumulation of more rigid heterochromatin, driven by the compaction of major satellite repeats [58] and the pericentric regions of some chromosomes, resulting in concentrated heterochromatic foci detectable upon cytological analysis [58] . Although chromatin tends to be more confined in differentiated cells, examples of dramatic changes on the nuclear architecture of postmitotic cells have been reported. Early studies of Purkinje cells (PCs) identified striking morphological changes associated with kinetochore [34] and pericentric heterochromatin [35] movements. In newly born mice, PCs are already in a postmitotic state, but are not yet terminally differentiated. Analysis of PC nuclei during postnatal development clearly demonstrates that nuclear architecture undergoes profound changes manifested by the movement in kinetochore regions of the chromosomes and pericentric heterochromatin away from nuclear membrane (periphery) towards nuclear center. In addition to obvious movements of pericentrometic heterochromatin, the nucleoli in PCs undergo dynamic changes in size and positioning [59] . Although the possible functional implications of these observations in postmitotic PCs cell is not explained at present, it can be anticipated that various levels of epigenetic regulation of chromatin can contribute to this developmental process and its malfunction can be an integral part of disease related pathologies and aging. The discovery that methyl-DNA binding protein MeCP-2 is required for induction of chromocenters clustering, and maturation of the nucleoli in developing neurons in vivo and in vitro further corroborates this statement [32] .
Therefore, it is not surprising that nuclear architecture defects have been shown to correlate with manifestation of a number of human diseases, as well as aging. A striking example is provided by analysis of a leucine-rich repeat kinase 2 dominant mutation (G2019S; glycine-to-serine substitution at amino acid 2019) [60] , which is associated with familial and sporadic Parkinson's disease (PD), as well as the impairment of adult neurogenesis in mice [38] . It has been found that the gene mutation results in the aberrant cellular morphology of neural stem cells (NSCs). Abnormality in chromatin architecture was depicted in these experiments: the nuclei had acquire the pedal-like shapes during in vitro aging. The deformed NSC nuclear shape is accompanied by decreased abilities of clonal expansion, neural differentiation, and resistance to stresses, which partially explains PD syndrome [61] . These results demonstrate the importance of nuclear architecture in the pathology of the neurodegeneration, and reinforce the notion that epigenetic mechanisms responsible for the fine-tuning of 3D chromatin structure within the cells could be potential targets in therapeutic interventions.
Many aspects of epigenetic regulations discussed in this review have direct influence on the organization of the chromatin during development and aging of the CNS. Comprehending how the nuclear genomic organization is established and maintained to provide for neural cellular diversity, connectivity, and plasticity within CNS, and how it influences gene expression, might subsequently allow for a better understanding of CNS development, homeostasis, and aging.
Nucleosome Composition
Before we look into the epigenetic alteration occurring in CNS upon aging, it is important to discuss the basics of chromatin composition. Early work on the nuclear packaging of chromosomal DNA has defined the basic unit of the DNA/protein Fig. 1 Dynamic genome architecture in the nuclear space: regulation of gene expression in 3 dimensions. Epigenetic response to extrinsic signals occurs through the transcriptional factors network. Chromosomes are organized into loose (euchromatin) and highly condensed (heterochromatin) domains. Heterochromatin is transcriptionally repressive, whereas euchromatin is transcriptionally permissive. Bivalent chromatin (middle) that poise genes for transcriptional activation are thought to be either superposition of active and silent epigenetic marks, or simply represent monoallelic gene expression. An 11-nm "beads-on-a-string" chromatin fiber is comprised of nucleosomal arrays and has an additional level of organization in the context of 3-dimensional (3D) nuclear volume (bottom). The high level of transcriptional regulation depends on the 3D organization and functional compartmentalization of the nucleus [42, 43] . In mammalian cells, transcription of genes that are concomitantly activated in response to extracellular stimuli or during cell differentiation occurs specifically at intranuclear foci enriched with active RNAP II [142] . These transcriptional hubs are known as transcription factories and, in addition to RNAP II, they often include transcription factors (TF) [41] . The distribution of DNA methylation and a small subset of post-translational histone marks represents different flavors of chromatin related either to gene activation (right) or gene repression (left). ATP adenosine triphosphate; ADP adenosine diphosphate; Me methylation; 5mc 5-methylcytosine; Ac acetylation; 5hmc 5-hydroxymethylcytosine; ph phosphorylation complex known as chromatin. This fundamental unit, the nucleosome, is comprised of 2 copies of the histone proteins H3, H4, H2A, and H2B, creating a bead-like structure. Then, 146 base pairs of DNA are wrapped around the surface of this structure formed by these core histone proteins. The linker histone, H1, binds the nucleosome at the entry and exit sites of the DNA wrapping around the complex thus locking the nucleosomal particle in place (Fig. 2a) .
Two of the most prevalent neurodegenerative diseasesAlzheimer's disease (AD) and PD diseases-share the common feature: a normally soluble peptide (amyloid-beta) or protein (alpha-synuclein) aggregate into an ordered fibrillar structure. An interesting observation reported by Duce et al. [47] highlights the unexpected dynamics of the linker histone H1. This study demonstrated that histone H1 is localized within the cytoplasm of neurons and astrocytes from disease-affected areas. The pull-down experiment suggests that the strongest detected interacting protein to the amyloid-like motifs of amyloid-beta, alpha-synuczzlein and lysozyme is, in fact, histone H1. As histone H1 is known to be an integral part of chromatin within the nucleus, with a primary role of binding DNA that enters and exits from the nucleosome (Fig. 2a) , and facilitating the shift in equilibrium of chromatin towards a more condensed form, depletion of the nuclear histone H1 upon onset of AD or PD might suggest a different degree of chromatin compaction within the cells with ordered fibrillar aggregates related to these diseases. Histone H1 and the members of this family can differentially affect the condensation of the Me=methylation; Ac= acetylation; Ub=ubiquitination; Ph=phosphorylation chromatin fiber and its stability [62] . It is therefore reasonable to assume that this family of histones might play pivotal roles in chromatin organization during the aging of CNS. One explanation for these aforementioned intriguing observations relates to the possible role of histone chaperones in the mechanistic aspects of chromatin packaging.
Histone Chaperones
In general, a shift in the pool of histones available within the nucleus of the cell could potentially promote changes in the nuclear architecture and ultimately tip the balance within transcriptional programs. As a mediator of the external signals, chromatin is anything but static. Nucleosome unwrapping and disassembly events, which must occur during DNA replication, transcription, and DNA repair, can directly influence the state of chromatin compaction [63] . Several lines of evidence obtained in yeast, Drosophila, and humans indicate that chromatin undergoes disassembly during the onset of DNA double-strand break repair at the double-strand break sites. Importantly, recovery from DNA damage requires restoration of chromatin structure, which depends on re-deposition of the histones back onto the DNA by means of coordinated action of histone-chaperones and ATP-dependent chromatin remodeling complexes (reviewed in [64] ). Therefore, if this "access, repair, restore" model of the chromatin dynamics is critical for the successful DNA repair and restoration of cellular function, then it is plausible that mis-regulation or interruption of the DNA damagespecific chromatin disassembly/reassembly pipeline could potentiate a deficiency in the nuclear histone composition, leading to a persistent DNA damage response and, ultimately, cellular senescence, as demonstrated in the human fibroblast models [65, 66] . Similarly, this deficiency may be an integral part of a chain of molecular events that lead to loss of plasticity within the CNS and physiological changes in neurodegenerative diseases.
Histone chaperones are proteins that can assemble histones and DNA into the nucleosome structure, as well as disassemble an intact nucleosome into its subcomponents to facilitate chromatin opening not only during DNA repair but also upon gene transcription [64] . The chaperones also function to provide guidance for histone folding, prevent histone aggregation, and mediate histone transport between the nucleus and cytoplasm [63, 67, 68] . A new study of activity-dependent gene transcription regulation has highlighted an indispensible role of the histone chaperone death-domain associated protein (DAXX) in cortical neurons [31] . Chromatin-associated protein DAXX [69] acts as a histone chaperone for the histone variant H3.3 [70, 71] , and has the ability to interact with transcription factors and chromatin modifiers, which include histone deacetylases (HDACs), the histone acetyl-transferase cyclic adenosine monophosphate response element-binding protein (CREB) binding protein (CBP), and DNA methyltransferases [72] [73] [74] [75] . New data demonstrate that DAXX interacts with histone H3.3 in neurons and regulates deposition of this histone at regulatory elements of activity-regulated genes upon membrane polarization. Loading of histone H3.3 by DAXX occurs during transcription through a mechanism involving a calcium-dependent phosphorylation switch. This event, together with the action of another chaperone, HIR histone cell cycle regulation defective homology A (HIRA), which loads H3.3 at the transcriptional start sites and gene body [76, 77] , is apparently instrumental to activity-triggered chromatin changes in neurons. Recent analysis of somatic mutations associated with human pediatric glioblastoma revealed that mutations in H3.3-ATRX-DAXX chromatin remodeling pathway was strongly associated with alternative lengthening of telomeres and specific changes in gene expression profiles [77] , suggesting that defects of the chromatin architecture underlie pediatric and young adult glioblastoma multiforme (GBM) pathogenesis.
Removed from the context of neurobiology, the roles of numerous histone chaperones have been intensively studied genetically and biochemically (see [64] ); however, the molecular link between histone chaperone function and chromatin reconfiguration upon development and aging CNS has not yet been explored in full.
Histone Variants
In addition to the 4 canonical histone proteins (H2A, H2B, H3, and H4), many variant forms of histones exist in different organisms. H1.0, H1.1, H1.2, H1.3, H1.4, H1.5, and H1X are the variants of H1; H2A.X, H2A.Z, H2A-BDB, and Macro H2A are replacement variants for H2A; and H3.1, H3.2, H3.3, and centromere protein A (CENP-A) are variants of the core histone H3 ( Fig. 2a; for review see [7] and [79] ). The variants are usually present as single-copy genes that are unrestricted in their expression to the S phase, but are expressed throughout the entire cell cycle. Unlike major subtypes, the variant histone genes contain introns, and their transcripts are often polyadenylated. These features are considered important in the post-transcriptional regulation of these proteins [80] . Biochemical and structural studies have shown that nucleosomes containing histone variants have altered affinity, stability, and sequence preference [48, 49, 81] . For instance, in mammalian cells, variant nucleosomes containing H3.3/ H2AZ are unstable, suggesting a more accessible state of chromatin marked by these nucleosome variants [82] .
As chromatin maintenance in nondividing cells relies on the incorporation of replication-independent histone variants, it is likely that histone variants will greatly affect neuronal biology. In the 1980s, it was reported that the mouse brain, like testis and oocytes, expresses a unique set of histone variants [46] . Some variants exchange with pre-existing histones during development and differentiation, and are therefore referred to as replacement histones. In fact, several known in the scientific literature support the dependency of the basic aspects of neuronal function on the numerous histone variants (e.g., H2AX, H3.3, macroH2a, and H1.0) [31] [32] [33] . For instance, during brain maturation, histone H1.0 accumulates in both nerve and glial cells, and it is subjected to age-dependent deamination [34] . Overexpression of H1.0 can transiently block cell cycle progression in proliferating cells [35] . Indirect evidence for the role of histone H3.3 in the control of neural cell cycle regulation comes from recent reports demonstrating that mutations in H3.3 are linked to pediatric glioblastoma [61, 78, 83] . A further example includes the regulation of adult neurogenesis by gamma aminobutyric acid (GABA)-induced cascades, leading to phosphorylation of H2AX in NSCs, subsequently blocking NSC self-renewal [32] and therefore inhibiting neurogenesis. Interestingly, H2AX histone variants display progressive increases in expression with age in rat cortex [60] and ataxia telangiectasia mutated (ATM), the enzyme responsible for phosphorylation of H2AX, has been shown to be significant for nervous system development. ATM mutation causes pronounced and debilitating neurodegeneration (for a review see [38] ).
However, beyond a very fundamental understanding of histone variant expression in the brain, little is known regarding the functions of these variants and factors that regulate their expression, either at a transcriptional or a post-transcriptional level. Recently, Lal et al. [84] have shown that the suppression of H2AX by microRNA mir-24 in terminally differentiated blood cells is responsible for the diminished DNA repair ability of these cells. It is still unclear if the same pathways are in place in the developing and adult CNS.
Currently, the majority of studies aimed at elucidating the functions of the histone variants are based on the correlation between the localization of the variant and the transcriptional activity of the locus, or on analyses of phenotypes associated with the loss of the variant. For example, H2Be is a histone variant that is exclusively expressed by olfactory sensory neurons in a replication-independent fashion [40] . Loss of H2Be alters olfactory function and gene expression despite the fact that H2Be knockout mice appear healthy and fertile. H2Be replaces the canonical H2B to the extent that it appears to be regulated by neuronal activity, from nondetectable levels in highly active neurons to almost complete replacement in neurons that are inactive. The complete replacement of H2B by H2Be promotes neuronal cell death, and genetic manipulation aimed at deleting H2Be significantly extends the lifespan of neurons. These interesting data uncover a novel chromatinbased mechanism for activity-dependent neuronal plasticity and suggest that histone variants participate in a pathway that shapes the cellular and molecular composition of the olfactory epithelium, based on signals from the external environment.
Therefore, if one considers all possible variations in nucleosomal composition, it is clear that a staggering variety of possible biological readouts of these diverse nucleosomes exist within the CNS. The full potential of this diversity and the functional relevance to the development of CNS and its aging attributes have not yet been fully explored or appreciated.
"Histone Code" Concept in Neurobiology: The Challenge of Complexity
In the framework of chromatin, nucleosomes can be 1) covalently modified by chromatin modifying complexes, providing a covalent histone tail and globular domain modifications, as shown in Fig. 2b, or 2) repositioned by chromatin remodeling complexes, causing an alteration of DNA-histone contacts. This occurs in a highly combinatorial and, sometimes, in a mutually exclusive fashion. Nucleosomal packaging and histone modifications dictate the different degrees of primary chromatin compaction, for example 6 nucleosomes per 11 nm in the euchromatic chromatin fiber vs 12-15 nucleosomes per 11 nm in heterochromain achieved by additional chromatin structural proteins [85] . The core histones are subjected to numerous and different PTMs, including acetylation, methylation, phosphorylation, poly-adenosine monophosphaterybosylation, ubiquitination, and sumoylation (Fig. 2b) [86] . Different chromatin states are defined by combinatorial patterns in these histone modifications, and are often referred to as the "histone code" [87] , as shown in Fig. 1 . Each histone modification can induce or inhibit subsequent PTMs, and such crosstalk can operate on the same nucleosome or can be established between nucleosomes [88] . To add to this complexity, the chromatin structure is also influenced by effector or "reader" proteins that recognize single or multiple histone PTMs. (The example of repressive Polycomb group complex stepwise action on chromatin is shown later in Fig. 4 to illustrate the complexity and hierarchy of events deployed to establish silenced state of chromatin.) Moreover, this recognition can occur with PTMs on a single nucleosome, or several nucleosomes that can be either present on the same or different chromatin fibers (interchromosomal interactions). We will address some of these specific "writer" proteins at a later point. The majority of histone PTMs have shown to be reversible and could be mediated by multiple enzymatic machineries (Fig. 3) . The balance between these enzymatic machineries responsible for the nucleosomal remodeling or establishment and maintenance of removal of histone PTMs significantly contributes to chromatin dynamics upon neurogenesis and are indispensable for driving cell type-specific biological outcomes in the CNS.
It is vital to emphasize caution in interpretation of epigenetic data. Owing to the cellular heterogeneity of CNS tissues, one of the major challenges of investigating chromatin regulation is our current difficulty in defining individual chromatin states and remodeling activities, not only within specific functional regions of the brain, but also within specific neuronal subtypes (e.g., dopaminergic, cholinergic, glutamatergic, GABAergic, etc.), as well as between neurons and other cell types of the CNS (e.g., glia). These unique cell-type specific signatures, rather then averaged chromatin states across all of the cell types in the CNS, are highly likely to vary significantly in order to support unique transcriptional outputs and cellular functions.
Extracellular and intracellular signaling cascades can communicate with nucleosome remodelers and histone chaperones, histones and DNA, therefore modifying enzymes to alter the chromatin structure (Fig. 1) . Such stimuli-induced epigenetic alterations play pivotal roles in normal CNS functions, and can persist long after the initiating signal has gone. Indeed, epigenetic changes can remain throughout the lifetime of an organism and can even be transmitted to subsequent generations. In the brain, one of the most heterogeneous tissues, the complexity of epigenetic responses to the signaling is likely more complex than anticipated. Different brain areas react differently to the same environmental challenge. For instance, whereas chronic treatment with the antidepressant imipramine decreases HDAC5 levels in the hippocampus, the same treatment increases HDAC5 levels in the NAcetyl cysteine (NAc) [43, 45] . To add to this complexity, even within the same brain area, different cell types also react differently to identical environmental stimuli. This is illustrated by the case of GABAergic and dopaminergic neurons, which are have been to be characterized by DNA hyper-and hypomethylation, respectively, in the brain of schizophrenic patients [42] . The last, but not least, important notion is that this multitude of epigenetic responses is apparently sex-dependent (reviewed in detail in [44] and [45] ).
Much progress has been made in recent years in an extensive search for these specific chromatin states at the molecular, cellular, and neural network levels. However, the greater goal is to know whether, or under what circumstances, chromatin modifications can be stably maintained and propagated, and to pursue an identification of chromatin alterations in the process of neuronal plasticity and long-lasting changes in brain function. 
Chromatin Landscape Influences on CNS Function
Chromatin landscape alteration is emerging as a major consequence of signaling events. How do signaling cascades communicate with writer, eraser, and reader proteins? Histone phosphorylation offers an attractive theory as there is a direct link between the regulation of gene expression through the histone code and the activity of protein kinases and protein phosphatases involved in cellular signaling.
Histone Phosphorylation
Among many histone PTMs (Fig. 2b and Fig. 3 ), phosphorylation on serine 10 (phSer10) of histone H3 offers the best example of a direct link between signal transduction and histone modifications [89] . H3 Ser10 residue seems to constitute a converging site of multiple intracellular pathways and kinases. Mitogenic phosphorylation of H3 in response to epidermal growth factor or 12-O-tetradeconyl-phorbol-13-acetate involves the mitogen-activated protein kinase (MAPK) cascade and the consequent activation of the extracellularregulated kinases (ERKs). The MAPK-activated RSK-2 was identified as an epidermal growth factor-induced histone H3 kinase [90] . In addition, the same Ser10 site can also be phosphorylated by the mitogen-and stress-induced kinases MSK-1 and MSK-2 [91] . Mitogenic stimulation induces rapid, transient phosphorylation of histone H3 [90, 92, 93] , which has been associated with transcriptional activation of immediate-early genes (IEGs) [94] . Such Ser10 residue phosphorylation occurs in only a small subset of H3 molecules [90] . Interestingly, H3phSer10 could be also observed at metaphase as a hallmark chromatin condensation at mitosis. In this case phosphorylation is provided by a kinase of the Aurora family and all H3 molecules are phosphorylated during mitosis [95] .
In the mammalian nervous system, chromatin remodeling via H3 phosphorylation has been reported to occur in response to a light stimulation of clock neurons within the suprachiasmatic nucleus, and after GABA stimulation of neurons within the supraoptic nucleus. The light stimulation induces the ERK pathway [96, 97] , phosphorylation of CREB Fig. 4 Combinatorial and sequential histone post-translational modifications (PTMs) deposition by Polycomb complexes. This graphical representation illustrates an example of combinatorial action of histone PTM writers, which add covalent PTMs to histone tails; readers, which recognize and bind histone PTMs; and erasers, which remove histone PTMs. Protein families associated with these steps are listed on the left. In this example, the PRC2 complex adds (writes) trimethylation on lysine 27 of histone H3. This is then recognized by the (reader) complex PRC1. The RING1A and RING1B subunits of PRC1 (writers) subsequently act to ubiquitinate lysine 199 of histone H2A. UTX-1 and JMJD3 can act to remove (erase) histone H3 K27 trimethylation. HMT=histone methyltransferase; HAT=histone acetyl transferase; ADP=adenosine diphosphate; SH2=Src homology 2; FHA=forkhead-associated; HDMT=histone demethylase; HDAC=his-tone deacetylase; Me=methylation; Ub=ubiquitination [98] , and a robust induction of IEG transcription in the CNS [96] . The activation of IEGs has suggested to be important for genomic events that control long-term changes within the nervous system, thus making H3phS10 an interesting candidate for further investigation of molecular underpinning of these longterm changes [99, 100] . The kinetics of histone H3 phosphorylation parallels the induction of phosphorylation of the ERKs. Double-labeling experiments using specific phosphoantibodies clearly demonstrated that these two events are concomitantly occurring in the same neurons, correlating with the temporal induction of the gene expression of IEGs, such is cfos, MKP-1, and MKP-3. Published data provide evidence of profound chromatin remodeling in hippocampal neurons in response to various signaling systems. For instance, systemic injection of the agonists for the dopamine (DA), muscarinic acetylcholine (mACh) and glutamate (GLU) receptors results in a specific, intense phosphorylation of Ser10 of H3 in different subfields of the hippocampus, thus likely reflecting the intrinsic physiological differences among neurons of the various regions and the selective cellular distribution of the individual receptors. It is therefore an attractive possibility that induced levels of MPK-1 and MPK-3 phosphatases could also modulate the phosphorylation state of histone H3, while controlling the levels of phosphorylated ERKs. This could suggest a possible feedback mechanism after stimulation of DA, mACh, and GLU receptors. To date, however, there is no information about Ser10H3 phosphatases related to transcriptional regulation and there is no evidence that phosphatases of the MKP class could dephosphorylate the H3 substrate.
Similar to in vivo data, evidence of a causal link between ERK activation, H3 phosphorylation, and IEG transcriptional activation was also obtained in in vitro models using cultured cells-once again indicating that the MAPK signal transduction pathway plays a central role in H3 phosphorylation [90, 91, 96] .
It is important to emphasize that ERK activation is crucial in different models of learning and memory (reviewed in [101] ). ERKs have been recognized as biochemical signal integrators and molecular coincidence detectors for coordinating responses to extracellular signals in neurons [102] . An intriguing possibility is that ERK signal integration does not simply sum up signals, but rather allows synergistic effects, at least in some cases. If ERK/MAPK signaling pathways constitute a key set of molecules integrating signals in the hippocampus, than a likely scenario emerging from published data identifies histone-H3 phosphorylation as yet another biochemical signal integrator downstream of ERKs, which is capable of coordinating responses of extracellular signals in hippocampal neurons with gene transcription. The aged brain is seemingly less plastic owing to increased chromatin condensation characterized by accumulating epigenetic silencing modifications, which shut down the expression of genes that are important for learning and memory. In this context, the histone H3phSer10 and silencing histone PTMs seem to be mutually exclusive. The role of histone H3phSer10 as a biochemical signal integrator in aging and neurodegeneration awaits further investigation.
Histone Acetylation
Histone acetylation/deacetylation is one of the major epigenetic processes that control gene transcription [103, 104] . It is achieved by opposing and balancing within the cells the action of particular "writers" called histone acetyl transferases (HATs) and "erasers", the histone deacetylases (HDACs) (Figs 3 and 4) . Pharmacological HDAC inhibition induces an increase in acetylation levels of histone proteins, causing chromatin to conform more openly to the point that transcriptional factors and RNAP II interact with DNA to modulate transcription (reviewed in [105] ). Moreover, histone acetylation and HDAC inhibitors (HDACi) have shown to be involved in the control of apoptosis, cell survival, differentiation, energy metabolism, and response to internal and external environmental factors (see [106] and [107] for a review).
While the effects of HATs and HDACs within the neural epigenome have been traditionally studied in the context of early developmental and heritable cognitive disorders, recent studies point to aberrant histone acetylation status as a key mechanism underlying acquired inappropriate alterations of genome structure and function in postmitotic neurons during the aging process. As several HATs are vital in the regulation of neuronal plasticity and memory formation, chromatin acetylation status can be compromised in the CNS as a result of the aging process. A number of differing epigenetic abnormalities pertaining to histone acetylation have been reported in AD, Huntington's disease (HD) and PD.
For instance, one of the theories for mutant huntingtin toxicity in the onset of HD is based on the finding that the polyglutamine repeat region binds to the acetyl-transferase domain of two HATs: CBP and p300/CBP-associated factor [45, 50] . It has been proposed that such interaction sequesters these HATs away from chromatin, causing a reduction in global H3 and H4 acetylation levels and, as a result, altering gene expression patterns. This further supports the notion of HD as a disease of aberrantly reduced histone acetylation, and treatment with various HDACi has been shown to rescue histone acetylation levels and to improve neurodegeneration and pathological symptoms in cellular, Drosophila , and mouse models [45, 54] .
Unlike HD, accumulated evidence in AD is somewhat contradictory, implicating both histone hyper-and hypo-acetylation in AD and AD-related pathologies. Numerous experiments suggest that AD could be a disease of aberrantly increased histone acetylation. It has been reported that during the processing of the membrane precursor amyloid precursor protein (APP), an intracellular fragment is released into the cytosol. In vitro, the product of processing interacts with the HAT TIP60 through the protein Fe65, and the resulting complex acts to enhance gene transcription [108, 109] . Intriguingly, it is possible that the nuclear fraction of Fe65 could be involved not only in the regulation gene transcription, but also in DNA repair processes within the cells. It has been suggested that this complex may also play a role in histone H4 acetylation required for DNA repair, which is an interesting notion considering that the amount of DNA double-strand breaks are increased in AD and AD models [110, 111] . Furthermore, presenilin1 (PS1) was shown to play an inhibitory role on the HAT CBP through proteasomal degradation, and mutations in PS1 found in hereditary AD were shown to result in aberrantly high CBP activity [112] . Data demonstrate that overexpression of HDAC1 could protect against p25/Cdk5-mediated DNA damage and neurotoxicity. Experimental evidence also suggests that lentiviral overexpression of SIRT1 in the hippocampus of p25 transgenic mice confers significant protection against neurodegeneration by rescuing neurons from p25/Cdk5-mediated neurotoxicity [113] , and acts in a similar fashion to a further transgenic mouse model of AD (APP/PS1) [114] via mechanisms involving p53 and α-secretase, respectively. However, it is not clear whether, in this case, SIRT1 also had a deacetylating effect on histones. In comparing these results, a substantial body of evidence suggests that any inhibition of HDACs can be protective and beneficial in AD. For example, APP overexpression in cultured cortical neurons leads to H3 and H4 hypo-acetylation. This coincides with decreased level of CBP [115] . Furthermore, both general and class I-selective HDACi have been shown to ameliorate cognitive defects in transgenic AD mouse harboring hereditary AD mutation [116] . Such apparent inconsistency may be due to brain heterogeneity, and appears to conflict because it represents a superposition of context-dependent epigenetic events that co-occur depending on brain area, cell type, or even in the same cell at different loci, as discussed before.
In recent years, epigenetic components linking PD pathology to histone acethylation/deacetylation have also been detected. For example, nuclear α-synuclein was found to directly bind to histones in Drosophila [117] . Alpha-synuclein localizes to the nucleus and presynaptic nerve terminals and mediates neurotoxicity in the nucleus. Targeting of alphasynuclein to the nucleus promotes toxicity, whereas cytoplasmic sequestration is protective in both cell culture and transgenic Drosophila. The study describes the reduced levels of histone acetylation in a Drosophila model of PD and suggests histone hypo-acetylation may be causally involved in PD pathology [117] . Supporting this notion, inhibition of SIRT2 has been shown to rescue neurotoxicity in Drosophila [118] . It is not known whether this also affected the histone level. However, the effects of HDACi on PD remain unclear. In some clinical reports, it has been suggested that there might be a cause-and-effect relationship between exposure to the HDACi, valproate, and the occurrence of Parkinsonism. However, most of these reports focus on the direct effect of HDACi on neurons, with insufficient consideration for the role of microglia in neuroprotection. Recently emerged data have demonstrated the immunomodulatory effects of HDACi on microglia. It was found that different classes of the HDACi, such as valproate, Trichostatin A, and sodium butyrate, induce microglial apoptosis via the mitochondria-related pathway. The apoptosis is preceded by the enhancement of acetylation of histone H3 and a robust decrease in LPS-produced proinflammatory responses, thus protecting dopaminergic neurons from damage in mesencephalic neuron-glia cultures [119] . Contrary to this, treatment of dopaminergic cell lines with the HDACi Trichostatin A exacerbated PD-related neurotoxic damage [120] . Collectively, these findings caution against over-interpretation of the HDACi data, particularly with the notion that substrates, other than histones, may be more critically involved in HDAC/HAT-mediated action within the CNS.
Histone Lysine Methylation
There are probably up to 100 histone methyltransferases (HMT) and demethylases encoded in the human genome, and many of these enzymes are defined by functional domains outside the catalytic sites that are thought to contribute to target specificity and genomic occupancy patterns (some of these methyltransferases are listed in Fig. 3) . Unfortunately, the mechanisms of altered histone methylation and HMT activity, which may be key to achieving a greater understanding of CNS plasticity, have not been fully investigated. There are two types of histone methylation: arginine (R) and lysine (K) methylation, both of which have important functions in gene activation and repression (shown in Fig. 3 ). It is known that that histone lysine (K) methylation has a longer half-life then acetylation [121] or phosphorylation [122] , and, like other histone PTMs, defines chromatin states and function. Different degrees (mono-, di-, and trimethylation) of the specific histone lysine has been implicated in transcriptional regulation, silencing, and enhancer functions (Fig. 3) (for review see [123] ). In this review, we will focus only on histone H3 and its Lys-9 (H3K9) methylation, discussing very sparse evidence of its role in the stress response, neurodegeneration, and memory consolidation.
Increased histone H3K9 and H3K27 methylation is a well established mechanism of gene silencing, resulting in transcriptional repression. These PTMs participate in the formation of facultative and constitutive heterochromatin, and are used by specific "reader" complexes that reinforce genome stability ( [7] and Fig. 4) . It has been shown that single, traumatic stressor, acute restrain stress produced a substantial elevation in H3K9me3 in the hippocampus, a highly plastic brain region particularly susceptible to the effects of the environmental stress and learning [124] . Hunter et al. [125] have demonstrated that that stress-induced increases in H3K9me3 levels in the hippocampus are strongly targeted to retrotransposable elements and rapidly silence their expression. The same group have shown that acute stress decreased global levels of the H3K27me3 mark and had no effect on the levels of the H3K4me3 methylation mark [126] . It is important to note that transposable elements constitute an order of magnitude larger fraction of the genome than protein-coding genes [51, 127] . New findings suggest that transposable elements are important inducers of genomic instability [128] , cellular senescence [53, 54] , and neuro-inflamation [129] . Not less important, it has been reported that the capacity of some of those elements to regulate gene transcription under normal or stressed conditions could also be beneficial [51, 52, 55, 130, 131] . On this background, the data from stress-induced H3K9me3 accumulation in retrotransposal elements might represent an additional level of epigenetic regulation in the context of hippocampal function, suggesting, therefore, that epigenetic chromatin remodeling of a portion of the genome containing retrotransposons may have both beneficial and detrimental effects, and affect spatial memory, anxiety, and age-related neurodegeneration.
Analysis of HD brains revealed an excessive H3K9 trimethylation in neocortex and caudate nucleus [132] . Data also demonstrate expression of Ets-related gene (ERG)-associated protein with SET domain, (ESET/ KMT1C/SETDB1) is markedly increased in HD patients and in transgenic R6/2 HD mice. Interestingly, ESET occupancy in neuronal chromatin is highly restricted, and may be confined to <0.75 % of annotated genes. ESET is a HMT that specifically targets HK9 site with a trimethyl group [133] . Excessive H3K9 trimethylation together with increased expression of histone variant macro-H2A1 have been also observed in blood and brain tissue of striatum and frontal cortex from individuals with HD [134] . As histone H3K9 methylation is broadly associated with repressive chromatin remodeling, these changes, in conjunction with additional effects in nucleosomal density and stability, may contribute to the decreased transcriptional activity that has been observed in the striatum of people with HD disease. In particular, the decreased expression of the neurotrophic factor BDNF, dopamine receptors, and components of the MAPK signaling cascade were suggested to be targets for this event [135] . However, mice with a genetic ablation of kruppel-associated boxes (KRAB)-associated protein 1, Kap1 (also known as TRIM28/ TIF1b/KRIP1), encoding the ESET binding partner [136] , show increased anxiety and deficits in cognition and memory [137] , and overexpression of ESET in adult forebrain neurons results in changes in motivational and effective behaviors [138] . These findings further speak to the context-dependent action of ESET and complex interpretation of results related to the therapeutic potential of modulation of H3K9 methylation.
The aged brain differs drastically from its younger counterpart and seems to be less plastic. Such lack of plasticity seems to be characterized by accumulating epigenetic silencing modifications, which shut down the expression of genes that are important for learning and memory. Data obtained from learning and memory animal models have indicated that a distortion of combinatorial action of DNA methylation and histone methylation (discussed elsewhere [139, 140] ) might account for cognitive decline during aging. Several data imply a role of H3K9me2 and its "writers" Lysine(K) methyltransferase (KMT) in long-term memory (LTM) formation. Recently, G9a/GLP were found to play a role in memory consolidation [141] . G9a/G9a-like protein (GLP) complex has been implicated in diverse processes, including transcriptional silencing, heterochromatin formation, and DNA methylation [133, 142, 143] . G9a/GLP-mediated transcriptional silencing in the hippocampus and entorhinal cortex (EC) during memory consolidation is regulated by deposition of H3K9me2. Data demonstrate that inhibition of the GLP/G9a activity in EC, but not in hippocampus, results in enhanced memory consolidation by lifting the repression of memory permissive genes [141] . Such differential regulation of the genes in the hippocampus and EC highlights the function of G9a/GLP in molecular cross-talk between two regions of the brain. For instance, analysis of G9a/GLP inhibition in the EC resulted in the down-regulation of the normally observed increases in H3K9me2 levels, while further elevating H3K4me3 and H3K9ac levels in the EC during memory consolidation. Moreover, in the hippocampus, G9a/GLP blockade in the EC further increased H3K9me2 and H3K4me3 regulation. These results underscore two important concepts. First is that in the CNS, histone modifications do not occur in isolation; rather, their combinatorial effects mediate the transcriptional signature of genes within brain regions, as well as across brain regions that are necessary for LTM formation. Second, KMTs are important regulators of chromatin structure in the adult CNS that serve to coordinate both dynamic and persistent gene expression changes in several memory-related brain regions that are critical for LTM formation and storage.
Conclusions
Overall, the studies we have briefly discussed in this review are very exciting as they suggest the importance of chromatin organization in maintaining transcriptional homeostasis in the adult brain. The staggering complexity of epigenetic regulation within the CNS holds the key not only to the puzzle of brain development, but also opens the new conceptual exploration of the epigenetic molecular mechanisms underlying adult brain function, such as learning, environmental adaptation, neuronal survival, and aging. The elucidation of details of epigenetic underpinning promises to have important implications for novel advances in neurobiology. We strongly believe that one day it will offer novel targets for combating human diseases, potentially leading to new diagnostic and therapeutic avenues.
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